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ABSTRACT
In the body of research relevant to high-performance flapping micro air vehicles (MAV),
development of light-weight, compact and energy-efficient flapping mechanisms
occupies a position of primacy due to its direct impact on the flight performance and
mission capability. Realization of such versatile flapping mechanism with additional
ability of producing thrust levels that fulfill requirements of cruising forward flight and
vertical take-off and landing (VTOL)  conditions  demand  extensive  design  validation
and  performance  evaluation.  This  paper  presents  a concerted approach for mechanism
development of a 20 cm span flapping MAV through an iterative design process and
synergistic fabrication options involving electrical-discharge-wire-cutting (EDWC) and
injection molding. Dynamic characterization of each mechanism is done through high
speed photography, power take-off measurement, wind tunnel testing and proof-of-
concept test flights. The research outcome represents best-in-class mechanism for a 20
cm span flapping MAV with desirable performance features of extra-large flapping stroke
up to 100°, minimal transverse vibrations and almost no phase lag between the wings.
1. INTRODUCTION
1.1  General description of flapping micro air vehicles
Among the many variants of micro air vehicles, the flapping vehicle has garnered substantial interest
and attention for the past few years due to its superior maneuverability and associated applications that
include surveillance, reconnaissance, search and rescue missions. A survey of the substantial published
literature on the aerodynamics of flapping wings [1-5], unsteady state models [2, 6], quasi steady state
models [7], fluid-structure interaction [8-11] and aero-elasticity [12-13] indicates that, the data
pertaining to design and fabrication of light-weight and efficient flapping mechanisms is limited. While
the mechanisms of biplane flapping MAVs witnessed a few development efforts, the monoplane
mechanisms that are capable of vertical take-off and landing (VTOL) have largely remained unexplored
options for many years. Published literature [14-17] indicates the demonstration of VTOL ability and
large payload capacity by biplane MAVs owing to their wing area that is almost 200% that of a
monoplane. The development of a monoplane flapping mechanism capable of VTOL needs a high
degree of understanding on the nature’s flapping principle and mechanism [18-20]. Also, a greater
amount of work goes into refining the mechanism to draw optimized power from the battery and sustain
flight for a prolonged time. In many cases, a four bar linkage (FBL) mechanism shown in Fig. 1 is
selected for this purpose because of its simplicity and versatility [2-4, 7, 10-11, 21-22]. As can be
readily inferred from the reported studies, the phase lag between two wings is inevitable and large
flapping strokes indicate high phase lag.
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1.2  Survey on the phase lag and the flap angle of flapping mechanisms
In the previous work [4] of the authors, polyvinylidene fluoride (PVDF) sensor was used to measure the
in-situ lift force of a flapping MAV. It distinguished the phase lag of lift force which is caused due to the
inherent nature of FBL mechanism. Figure 2 reveals that, the phase lag due to lift force experiences
increase in trend at around 6.5° of mechanical or the gear-transmission lag. Such tendencies may
influence the deterioration of lateral stability of the flapping MAVs. However, the birds in real world
with 120° flap angle have positive effect on the aerodynamic characteristics [23]. Therefore, authors
examined earlier development efforts of flapping mechanisms [24-58] and inference on their kinematic
performance with respect to the phase lag and flap angle which are given in Table 1.
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Figure 1. FBL mechanism used in the flapping MAV “Golden Snitch” [22]
Figure 2. Deduced phase lag of lift force from the PVDF sensor measurement
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The authors categorized the previous works on the development of flapping mechanism based upon
the crank rocker mechanism [24-27], FBL mechanism [4,10-11, 21-22, 28-34], other kinematic
structural FBL [35-40], slider crank mechanism [41-42], 6 links mechanism [43-45], combination of
various mechanism to achieve the desired motion characteristics [46–53], rigid body model of wing
motion [54–57] and also a mathematical model of flapping wing as a beam [58]. It is evident from the
Table 1 that, the information pertaining to the phase lag and flapping angle is not documented clearly
in majority of the studies. In most of the instances, phase lag causes deterioration in the performance
with reference to the VTOL and hovering.
Hsu et al. [59] proposed 12 flapping mechanisms based on the topological structure and their motion
characteristics. These mechanisms have one degree of freedom which simulates wing motion of long
ear bats and insects and no studies have been carried out for the flapping motion characteristics such as
phase lag and flapping angle. Ryan [60] classified ten planar, two spherical and three spatial
mechanisms based upon the workspace, topology, actuator type and transmission mobility. A
comprehensive survey [61] of various flapping wing vehicles and their mechanisms such as Delfly I
and II from Delft University, Wing differential I and II from Berkley, VTOL MAV from DRDO, India,
small and Jumbo bird from University of Maryland, HMF and PARIT Y from Harvard University,
Lissajous MAV from Cranfield University are presented to delineate the salient features. Gerdes [61]
categorized the flapping mechanisms into double push rod, double crank, single pushrod, and side
mounted crank and compared each of them based upon flapping motion and design performance.
Recently the MAV work in Konkuk University combined the FBL and slider mechanism achieving
flap angle beyond 90° and 17 Hz frequency with almost zero phase lag [50-52]. Their small sliding
stroke design improved the friction issue of Refs. [41-42] and is good for the VTOL.
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Table 1. The phase lags and the flap angles for different flapping mechanisms
 
 
 
 
 
  
 
 
 
 
 
  
  
  
  
 
  
  
 
 
 
 
  
A greater amount of work goes into refining the mechanism to draw optimized power from the
battery and sustain flight for a prolonged endurance. The major problem faced with the monoplane
flapping mechanism besides lack of sufficient forces for VTOL is the phase lag between the left and
right wings during flapping. Phase lag of less than 3° results in an intrinsic level-turning behavior for
the flapping MAV in its trajectory and less asymmetric lifts for both the wings [4, 10-11, 21-22]. A
conventional approach is taken in the design of such mechanisms where the number of linkages is kept
at minimum, to reduce the overall weight of the gearbox and to mitigate the loss in the performance
due to friction in linkage vertices. While this has a great benefit in terms of the light weight and high
efficiency, nevertheless, it is not suitable for production of higher wing beat amplitudes or the flapping
stroke. In most cases, the beat amplitude is limited to flap angles far less than 90° except the “Nano
Humming bird” developed by AeroVironment Inc. [53]. It is known that, by adjusting the linkage
lengths of FBL of Fig. 1, it is hard to achieve maximum or minimum flap angle and phase lag at the
same time. Hence, the design goal of large flap angle and small phase lag could be realized by the
ingenious design of “Nano Humming bird” in-spite of its dependence on a very powerful electric motor
for generating driving torque.
The choice of the mitigating mechanism is an elaborate process, as it constrains the amplitude of the
wing beat, while helping to reduce the phase lag. It is also essential to maximize the flapping angle with
almost zero phase lag to achieve maximum lift from a single cycle. Hence, this paper presents the
improvement of the authors previous FBL mechanism of “Golden Snitch” [10-11, 21-22] with an
addition of Watt and Evans straight line mechanisms [62-66] to obtain zero phase lag, to avoid the
overturning of the vehicle and also to accomplish higher flapping angle for the enhancement of lift
force during a wing beat cycle. Evans and Stephenson (Watt) mechanisms are the category of non-
grashof double-rockers that can generate an approximate straight-line motion. In comparison with the
well-known Watt mechanism, Evans mechanism could provide a more compact design for the present
development of MAV of 20 cm wingspan. The designed mechanisms were fabricated using EDWC and
the plastic injection molding, and validation is performed through wind tunnel and flight test
experiments.
2. FLAPPING MECHANISM DESIGNS
2.1  Conventional FBL
Early attempts of the authors in the year 2007 led to the development of a kinematic model with a FBL
mechanism (Fig. 1) for a 20 cm wingspan flapping MAV called “Golden Snitch” [10-11, 21-22]. It was
driven by a 6mm motor with a gear reduction of 26.67 and test flights with an endurance of 480 seconds.
This mechanism featured two branches (OPFG and OPHI) and the hinge points F and H were not
coincident leading to a phase lag between two wings. The marked hinge positions shown in the Fig. 1 as
OPEG and OPHI can be changed and several iterations will be carried out to achieve an effective linkage
dimension. As they were unable to move along a vertical trajectory, vertical takeoff could not be
accomplished. Further, simulation using a free computation code Flap design 2.2 JAVA [62] revealed a
flapping angle of 53° with a phase difference of 3° (Fig. 3 [4, 22]) could be achieved through this
mechanism. In the simulation, flapping angle is restricted due to the linkages dimension and hinge
positions to avoid singularity position where the mechanism ceases in their fully extended and contracted
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Figure 3. Flap angle with phase lag of conventional FBL [4, 22]
positions. In addition, during the large flapping strokes, the phase lag is reached to a maximum of 3°
between right and left wings. As the flapping of both the wings depended solely on the crank and
follower guided by a gear train, the phase lag could induce a right-ward turning moment deterring the
turning performance on the left side and consequential reduction in the life cycle of the mechanism.
2.2  FBL with Watt mechanism-Stephenson mechanism
In order to overcome the above referred phase lag, inclusion of Watt mechanism [63] into conventional
FBL is proposed as represented in Fig.4 (a). By introduction of Watt mechanism (BCADE), the authors
are able to create figure-8 trajectory and also the central linkage is able to execute straight line motion
enabling the propelling of flapping MAV in the vertical direction. The combination of FBL and Watt is
named as 3rd type of Stephenson six- link mechanism (simplified as Stephenson mechanism, in further
sections) [64-65]. Table 2 shows the dimensional details of various linkages of the Stephenson
mechanism that are proposed to propel a 20 cm wingspan flapping MAV with a vertical take-off. The
Watts mechanism ensure the straight line motion of a point A by ensuring the ratio of lengths of links
of CA to AD is equal to the ratio between DE and BC.
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Figure 4. (a) Integration of Watt mechanism with FBL (b) The figure-8 trajectory of Watt mechanism [63]
and (c) Prototype of Stephenson mechanism
To ensure light weight mechanism with adequate structural integrity, authors used EDWC technique to
manufacture the mechanism linkages with Al-alloy 7075 and assembled them together with an aid of
tiny stainless steel needles. The mechanism has a gear reduction ratio of 26.7 and the prototype with
injection-molded gears is developed for experimental trials. Studies to evaluate the kinematic
performance of Stephenson mechanism assure that, the mechanism can attain a flapping angle of 70°
with zero phase lag (Fig. 5.) A practical study of the mechanism unveil operational challenges such as
Figure 5. Flapping angle of left and right wings of Stephenson mechanism
high vibration levels, susceptibility of lengthy linkages (BC and DE) to bending and challenges in
placement of motor without affecting the flight stability.
Real time capturing of flapping motion of the Stephenson mechanism is carried out using a high-
speed CCD camera (Phantom V 4.2) with the driven voltage of 3.7V. The wing beat cycle of the
Stephenson mechanism for the up and down stroke angle during the continuous motion is captured
which is shown in Figs. 6 (a) - (h). It can be observed from the experimental results in Fig.7 (a) that,
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Table 2 Dimension of the Stephenson mechanism
 
 
  
 
  
 
 
 
 
(a)       (e)  
(b)       (f)  
(c)       (g)  
(d)       (h)  
Figure 6. Wing beat cycle of Stephenson mechanism
the Stephenson mechanism is able to demonstrate good flapping characteristics with a maximum
flapping angle of 84.08° on the right wing with a phase lag of 1.48°. The flapping frequency of 14Hz
with an instantaneous angle of attack (AOA) of 66° is attained during the flight test as shown in
Fig. 7(b).The stable flight has accomplished maximum flight endurance of about 57 seconds to reach
an altitude of 2m.
FBL with Evans mechanism
Despite the fact that the aforementioned Stephenson mechanism is able to reduce the phase lag to
minimal level, it induces high vibrations during flapping and necessitates considerably high space in
the lateral direction of the structure. To ensure the compactness of the flapping mechanism and also to
achieve the straight line motion, Evans mechanism is considered for further studies. The proposed
mechanism would reduce the number of linkages compared to the Stephenson mechanism that leads to
reduction of overall weight of the mechanism structure and also the flapping motion characteristics can
be enhanced. In earlier time, Evan mechanism [66] was used in cranes to move the containers along a
prescribed axis in a straight line so as to make sure the smooth linear motion. Due to the facts such as,
structural simplicity of mechanism, minimum number of linkages than Stephenson mechanism (9 links
in Stephenson mechanism and 8 links in Evans mechanism), and less weight necessitates the Evans
mechanism in the design of MAVs. The placement of motor at the top of the mechanism (motor is
placed at the bottom in Stephenson mechanism) will result in the reduction of centrifugal effect and
consequent moment that makes the system to relieve the stresses and strains on the body structure
compared to the Stephenson mechanism. In addition, Evans mechanism occupies less space than the
Stephenson mechanism that suits for the development of Ornithopter mechanism [67] structure. The
performance evaluation of FBL with Evans mechanism is carried out by designing and assembling
mechanism linkages as shown in Fig. 8 (a) where a point A will move along the vertical straight line to
ensure the VTOL of the vehicle and Fig. 8 (b) shows the exploded view of the mechanism assembly.
The flapping characteristic of FBL with Evans mechanism is studied through kinematic simulation
using Autodesk Inventor. Evans mechanism created flapping angle of 80° (Fig. 9) with zero phase lag
which is higher than Stephenson mechanism and the compact design of the structure ensures the
stability of vehicle without much vibration. The complete linkage dimensions considered for the design
pertaining to FBL with Evans straight line mechanism is shown in Table 3.
In addition, the straight line motion of a point A is ensured by maintaining the ratio of links between
DE and CD equal to the ratio between CD and AD.
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(a) (b) 
Figure 7. FBL with Stephenson mechanism: (a) Measurement of flapping angle using a high-speed
camera; (b) Flight test of the MAV Golden Snitch using Stephenson mechanism and the instantaneous
AOA is 66°.
In order to examine the flapping characteristics, CCD motion capture system, captures the wing beat
cycle of the Evans mechanism as given in Figs. 10 (a) - (h) that clearly indicates up and down stroke
angle of the developed mechanism. The experimental investigations on the Evans mechanism confirms
the maximum flapping angle of 100.43° [Fig.11 (a)] and AOA of 77.94° [Fig.11 (b)] is achieved in the
real time flight tests which is higher than the Evans mechanism test flight results shown in Fig. 7 (a)
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 (a) (b) 
Figure 8. (a) FBL with Evans straight line mechanism assembly; (b) Exploded view of mechanism
Table 3 Dimension of the flapping mechanism with Evans straight line mechanism
Component Size (mm) 
1st bar (OP) 2.5 
2nd bar (PA) 19 
3rd bar (AF) 5.516 
Wing bar (FG) 3.25 
Control short bar(DE) 2.5 
Control medium bar(CB) 3 
Control long bar(AC=AD+CD) 11.475=7.225+4.25 
 
 
Figure 9. Flapping angle of left and right wing of FBL with Evans mechanism
and (b). Also, the flapping frequency is increased to 18 Hz; flight endurance is improved to 120 s and
the developed vehicle reach altitude of 20m in 20s. More video demonstration of the test flight could
be referred to YouTube website of https://www.youtube.com/watch?v=fbQV0nZqS6o. These results
affirm that FBL with Evans mechanism has better aerodynamic performance characteristics than
Stephenson mechanism.
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Figure 10. Wing beat cycle of Evans mechanism
 (a)  (e)  
(b)  (f)  
(c)  (g)  
(d)  (h)  
It can found that the total flap angle in Figs. 7 and 11 appears larger than the predicted ones in Figs.
5 and 9. The reason is due to the high flexibility of the flapping wing, especially the carbon fiber wing-
spar at the leading edge. The Solidworks simulation of Figs. 5 and 9 is based on the rigid assumption of
mechanisms. Rigidity of the gear transmission is still high with no increase in flap angle. The rigidity of
the gear transmission has not influenced the flap angle in theoretical as well as real time testing.
However, at the moment of the stroke reversal during a high-frequency flapping the stroke angle exceeds
the limit that SolidWorks predicts in Figs. 5 and 9. In other words, the obvious bending of the carbon
fiber wing-spar contributes the apparent increase of flap angles of 12-14° in Fig.7 (70°→82-84°) and 16-
20° in Fig.11 (80°→96-100°) during the vigorous wing flapping.
In addition, the performance evaluation of these mechanisms is summarized and given in Table 4. It
is observed that, the Evans mechanism has better flight endurance, pay load capacity and low power
consumption for the same capacity of the battery.
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(b) (a) 
Figure 11. FBL with Evans mechanism: (a) Measurement of flapping angle using a high-speed camera; (b)
Flight test of the MAV Golden Snitch using Evans mechanism and the instantaneous AOA of 78°.
Table 4 Mechanism performance comparison
Mechanism Battery and its 
specification  
Flight 
endurance 
(s) 
Power 
consumption 
(W) 
Empty weight 
(g) 
Payload (g) 
FBL with 
Stephenson 
mechanism  
60mAH, 3.7 V max. 57 s 14.02 W 10.46 g  
(2.44g  mechanism) 
0.54 g 
FBL with Evans 
mechanism 
60mAH, 3.7 V max. 120 s 6.66 W 9.62 g  
(1.48g mechanism) 
1.38 g 
 Flight endurance (s) = 0.060 AH (battery charge)* (3600 s/H)/ (Power consumption/ 3.7 V) 
 Payload= 11g (body mass predicted by the scaling law [23]) - Empty weight 
3. FABRICATION AND ASSEMBLY OF FLAPPING MECHANISM
The authors have preferred the plastic injection molding (PIM)  [22] as the option for the fabrication of
mounting bracket, linkages and gears due to inherent advantages such as wide range of material
options, availability of fillers for strength enhancement, low wastage and cost-effective transformation
to mass production. The material chosen for the fabrication trials is polyoxymethylene (POM) due to
its toughness, low coefficient of friction and excellent dimensional stability. The mounting bracket
shown in Fig. 12 is designed and fabricated to accommodate various sizes of gears at different positions
to achieve gear reduction ratios of 16, 20, 21.3, and 26.67 respectively.
In addition, Evans mechanism linkage components designed by SolidWorks software are shown in
Fig. 13.
Wing spar FG and HI are designed in such a way that, they can accommodate the carbon fiber spar
into this wing bar housing as shown in Fig. 14 at the leading edge of the wing. When the carbon fiber
spar is firmly inserted into the housing without allowing any rotation, the developed flapping MAV will
have a forward flight as shown in Fig. 15. However, the hovering flight can be accomplished when the
carbon fiber rod rotates freely in the wing bar housing (Fig. 16.) These design features ensure an
efficient control on the inclination of wing plane and wing assembly including attainment of Figure-8
motion.
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Provision for placing various gears 
Figure 12. Gears and motor mounting frame manufactured using PIM
Figure 13. CAD model of Evans mechanism components
 
Carbon rod hole 
Figure 14. Wing bar and its housing design
Figures 17 and 18 show the injection mold and the resultant injections of the mechanism
components respectively. Total weight of the mechanism assembly realized through injection molding
is 1.48g which is 39% of lighter than EDWC fabricated mechanism (Fig. 19). Table 5 compares the
performance characteristics of Evans mechanism which are made up of Al-alloy through EDWC and
POM with PIM process, where in the former achieved superior characteristics than later.
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Figure 15. Wing assembly for forward flight Figure 16. Wing assembly for hovering
Figure 17. Plastic injection mold for producing Evans mechanism linkages
Figure 18. Plastic injection molded parts of Evans mechanism linkages
The comparison is also made in the time taken aspects of fabrication, mechanical linkage assembly,
and also other parts including gear assembly which are given in Table 6. The plastic injection molded
part is manufactured and assembled in 21 min which is far lesser than EDWC technique.
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Figure 19. FBL with Evans mechanism assembly, using Al-alloy7075 by EDWC, and POM by PIM; All the
gears are made by PIM.
Table 5 Comparison of two Evans mechanisms; 20 cm wing, 3.7 V driving
 Al-alloy 7075 by EDWC POM by PIM 
Weight (g) 2.44 1.48 
Phase lag (design value=0 ) 4.53  2.05  
Max. flapping angle  
(design value=80 ) 
100.43  83.1  
Flapping frequency (Hz) 18.86 13.51 
Table 6 Time taken for manufacturing and assembly of Ornithopter mechanisms
Different ways of 
fabrication/ assembly 
Mechanism 
manufacturing 
(min) 
Mechanical 
assembly (min) 
Other parts 
assembly 
(min) 
Total fabrication/ 
assembly time(min) 
FBL with Stephenson 
mechanism by EDWC 
50 35 10 95 
FBL with Evans mechanism 
by EDWC 
45 30 10 85 
FBL with Evans mechanism 
by POM  injection molding 
1 10 10 21 
4. RESULTS AND DISCUSSION
4.1  Motor torque requirement: without wings
In order to ensure the motor torque requirement for the various gear reduction ratio, experimental
analysis has been carried out.
(1)
Equation (1) relates the input current (I), voltage (V), angular velocity of the driver (ω) to the
torque (T).
IVP
T  
With an assumption of negligible motor loss and also 100 % motor efficiency, the experiments are
conducted to measure the flapping frequency and torque without the usage of tachometer and torque
meter. During the course of experiments, by varying the voltage, the corresponding motor current is
measured which directly provided the power requirement of the mechanisms. In addition, flapping
frequency or rotation speed of the motor is determined through the high speed camera motion capture
system. These measurements were plotted for various gear ratios of mechanism to evaluate the
performance of the developed mechanisms.
The requirement of torque for the various gear ratios of Evans mechanism without wings
(manufactured using Al-alloy 7075 in EDWC) such as 16, 20, 21.3 and 26.67 are experimented through
varying the flapping frequencies. The results suggested that for the achieved maximum flapping
frequency of 19 Hz, the Evans mechanism with gear ratio of 26.67 is suitable because of lowest torque
to work as shown in Fig. 20. The other gear ratios of Evans mechanism may increase the size of the
motor and simultaneously increase the overall weight of the system.
In addition, experiments were conducted to obtain the torque characteristics on Stephenson and
Evans mechanism for the gear reduction ratios of 21.3 and 26.67.  The result shown in Fig. 21 has
proved that, torque requirement is higher in the Evans mechanism with gear ratio of 21.3 than 26.67
and remains constant in most of the cases. However, in the Evans case of gear reduction 26.67, the
torque and load carrying capacity increase linearly with flapping frequency as shown in Figs. 20 and
21. It denotes the load-free operation of Evans gear ratio 26.67 is frequency-dependent and may be
caused by the tighter assembly of this mechanism. However, this required torque of the flapping
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Figure 20. Effect of gear ratio of Evans mechanism on the torque requirement
Figure 21. Comparison on the torque requirement of Stephenson and Evans mechanism
mechanism will be showed at least one-order of magnitude smaller than the total required torque in the
next section, and can be regarded as a minor factor in this study.
In the event of gear ratio 21.3 and at the flapping frequencies 34.48Hz and 38.6 Hz, there were
overlapping behavior occurs in the flapping frequencies due to the frictional obstruction in the
mechanism. This can be overlooked with an increase in power through avoiding the particular flapping
frequency.
4.2  Motor torque requirement: with wings
The similar sets of experiments were performed on Evans mechanism attached with wings of 20 cm
span with a semi-elliptical wing area of 123.4cm2 [10-11, 21-22]. The wing design for both the two
flapping mechanisms is shown in Fig. 22. “Golden Snitch” has a flexible wing frames. The wing is
composed of carbon-fiber leading-edge spar (of 0.8 mm in diameter) and polyethyleneterephthalate
(PET) wing skin (of 24  mm  thick). The detailed description about the mechanical stiffness can be
referred in [11, 21] where the effect of wind speed is completely described.
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Figure 22. The “Golden Snitch” MAV with wing area of 123.4 cm2: (a) front view; (b) top view
(a)  
(b)  
Through varying the gear reduction ratios, the torque requirements are assessed in Fig. 23. In all
these cases, the torque requirement is found to increase with the flapping frequency almost linearly. For
the gear ratio of 26.67 with the flapping frequency approaching 19Hz, the torque required is the least
among all the configurations.
Also, Figure 24 endorses that, both Stephenson and Evans flapping mechanisms with higher gear
reduction ratio necessitate a small motor with less torque to achieve high flapping frequency. Between
these two mechanisms, larger torque is required for the Stephenson mechanism than that of the Evans
mechanism due to higher friction and larger power loss.
The aerodynamic performance characteristics of Stephenson and Evans mechanism are compared and
provided in Table 7 in which, frictional effect is predominant in the case of Stephenson mechanism in
comparison with the Evans mechanism. These measurements were carried for the identical wing
planform of both the mechanisms.
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Figure 23. Effect of gear ratio of Evans mechanism on the torque requirement
Figure 24. Effect of gear ratio on torque requirements of Stephenson and Evans mechanism
Table 7 Overall performance comparison of mechanisms
 
 
4.3  Wind tunnel testing
For aerodynamic characterization of these developed mechanisms, wind tunnel testing is carried
out at various angles of attack (AOA) in the range of 20°-70°.  The test section has dimensions of
30 × 30 × 100 cm3 and the inlet contraction ratio is 6.25. The wind tunnel with the flapping MAV placed
on the load cell is shown in Fig. 25.  In the experiments, the airspeed in the blow-down wind tunnel
ranged from 0.4 to 3.0 m/s, as measured by a digital hot-wire anemometer. The turbulence intensity of
the wind tunnel flow field is evaluated as 0.05-0.028 %. The wall effect can be neglected for the excuse
of the blockage ratio of the ornithopter in the tunnel is less than 7.5 %. The unsteady aerodynamic
forces  generated  from  the  flapping  wings  under  the  different  Reynolds  number  were measured
by a calibrated force-balance device equipped with a 6-degree of freedom load cell bought from Bertec,
OH, USA. However, the present study utilizes the two degrees of freedom of the load cell where in lift
as well as thrust forces can be measured simultaneously. The force specifications of 200 gf and 100 gf
is used to measure the lift force along the vertical axis and the net thrust force along the horizontal axis.
The net thrust force is calculated through subtracting the drag force from the thrust force. The present
force gauge has a maximum error of 0.2 % of the full-scale signal due to nonlinearity or hysteresis. The
data-acquisition rate of the load-cell is set as 1,000 points per second.
The authors empirically selected the air speed range from 1.5-3.0m/s for AOA of 20° and 30° during
the forward flight mode and the air speed range from 0.5-1.5m/s for AOA of 60° and 70° during the
hovering-like mode. Effect of increase in wind speed over lift force and net thrust force (thrust minus
drag) for various AOA is shown in Fig. 26. The experiments are carried by varying the input voltage levels
to the motor such as 3.0V, 3.4V and 3.7V respectively. It is observed from these experiments, for the wind
speed of 1.5m/sec and an AOA of 70°, the flapping MAV experiences the maximum lift force of 14gf.
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Figure 25. Wind tunnel setup with flapping MAV
      
(a) (b) 
Figure 26. (a) Lift and (b) Net thrust forces at different AOA, driven by 3.7 V.
(1) Effect of gear reduction ratio
The experiments are also conducted to determine the impact of gear reduction ratios on the
aerodynamic performance characteristics of flapping MAV at an optimum AOA of 70°.  It can be
observed from the Fig. 27 that, decrease in the speed of driven gear (increase in the reduction ratio) of
mechanism yields into increase in the lift as well as thrust forces. The gear reduction ratio of 26.67 has
achieved the maximum lift of 13.8gf and thrust of 2.9gf in comparison to other gear reduction ratios.
With the same provision of power supply, the authors believe that, the gear mechanism of 26.67
dissipates the least torque and power, and it converts the highest percentage of power to the
aerodynamic forces.
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Figure 27. Lift and Thrust forces at different gear reduction ratio, driven by 3.7 V.
(a) (b) 
(2) Comparison of Stephenson and Evans mechanisms
Comparison of Stephenson and Evans mechanisms on the aerodynamic performance at AOA of 20° and
60° is carried out. Experimental results show that high value of AOA yields into increase in the lift force
as shown in Fig. 28. It is also observed that at AOA 20° there is a marginal difference in the lift force
between Stephenson and Evans mechanisms. At 60° AOA, Evans mechanism achieves comparatively
more lift than the Stephenson mechanism. Also, more drag effect is experienced in the Stephenson
compared to Evans mechanism when AOA increases from 20° to 60° as shown in Fig. 29 of the net
thrust force data.
Figure 28. Lift force comparison of Stephenson and Evans mechanism
 
(b) (a) 
5. CONCLUSION
Based on the iterative simulations and experimental procedures, versatile mechanisms are developed
for 20 cm wing span flapping MAV with VTOL provision. Kinematic and aerodynamic performance of
Stephenson and Evans mechanisms are studied in detail. Simulation studies on these mechanisms
reveal that, zero phase lag is achieved with the symmetric flapping strokes. Designed mechanisms are
fabricated using EDWC and injection molding techniques with adequate geometrical fidelity.
Experimental studies are performed to assess the torque and aerodynamic characteristics at various
AOA and wind speeds. Flapping angle of Evans mechanism is observed to be higher than that of the
Stephenson mechanism. Results suggest that at an AOA 70° and gear reduction of 26.67, the flapping
MAV experiences maximum lift as well as thrust. The evolved mechanisms show excellent potential
for the deployment of flapping MAVs in long endurance surveillance missions that demand high
transmission efficiency.
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